Coronary atherosclerosis is a complex and progressive condition that involves many biological pathways, including the oxidative stress and inflammatory response pathways. To investigate the association between common genetic variation within these two pathways and coronary atherosclerosis, we performed a comprehensive two-stage candidate gene association study in a Chinese Han population. In stage I, 936 tag single-nucleotide polymorphisms (SNPs) within 116 candidate genes were genotyped in 293 coronary atherosclerosis cases and 293 age-and gender-matched healthy controls. In stage II, 51 SNPs from stage I were selected and further genotyped in an additional 1030 cases and 764 controls. In allele-and genotype-based association tests of stage II and a meta-analysis across the two stages, we identified three SNPs within three genes significantly associated with the disease, namely rs3212556 in ITGA2 (P CMH ¼9.20Â10 À5 ), rs854563 in PON1 (P CMH ¼1.92Â10 À4 ) and rs9283851 in THBS2 (P CMH ¼3.00Â10 À3 ). Haplotype analysis provided further supporting evidence for the association of rs3212556 (P global o10 À4 ) and rs854563 (P global o10 À4 ). Our study has identified three SNPs within ITGA2, PON1 and THBS2 that are associated with coronary atherosclerosis.
INTRODUCTION
Cardiovascular disease is the leading cause of illness and death in developed countries and some developing countries, and has become a significant health problem worldwide. 1, 2 The primary cause of cardiovascular disease is atherosclerosis, which leads to ischemia of the heart, brain or extremities resulting in infarction. Coronary atherosclerosis is a progressive disease that involves multiple processes, including imbalance of reactive oxygen species, 3 diapedesis of monocytes across the endothelial barrier, activation of neutrophils, T lymphocytes, macrophage cells and platelets, upregulation of cell adhesion molecules, release of various cytokines and chemokines, proliferation of smooth muscle cells 4 and matrix alterations. 5 There is substantial evidence to suggest that two biological pathways, namely the oxidative stress and inflammatory response pathways, have important roles in the pathogenesis of atherosclerosis. Reactive oxygen species are produced as a by-product of aerobic respiration and substrate oxidation. The levels of these free radicals in body tissues are regulated by a defense system composed of many enzymes and nonenzymatic antioxidants. High doses and/or inadequate removal of reactive oxygen species result in oxidative stress, which may cause severe metabolic malfunctions and damage to biological macromolecules. This subsequently contributes to many human diseases, including cardiovascular disease, cancer and immune disorders. Several studies have suggested that components of this pathway, including superoxide dismutase, glutathione peroxidase, bilirubin and paraoxonase, influence the development of coronary artery disease (CAD). 3 Furthermore, factors involved in inflammatory response are recognized to be crucial in the development of atheromatous plaques, thrombosis and atherogenesis. 4 An increasing number of studies have suggested that atherosclerosis is an inflammatory disorder, in which immune mechanisms interact with metabolic risk factors to initiate, propagate and activate lesions in the arterial tree. 6, 7 Epidemiological studies have suggested many important genetic and environmental risk factors for atherosclerosis. 8 Recent genomewide association studies of CAD have led to the identification of genetic variants and chromosome regions (namely 9p21.3, 1q41), which are significantly and reproducibly associated with this disease. 9 In addition, several candidate gene studies have been conducted, testing variants in genes involved in inflammation, for example, CD14, TLR4 and VCAM1, for association with atherosclerosis and significant associations have been reported by some groups. 10, 11 Notably, the majority of these studies were conducted in European populations and the results could not be replicated in Chinese Han populations. This suggests that there are substantial differences in the genetic contributors to CAD between these populations. 12, 13 In this study, we performed a pathway-based candidate gene study of coronary atherosclerosis using a tag single-nucleotide polymorphism (SNP) approach for interrogating common genetic variation within the candidate genes of interests. The study was conducted in two stages. In the stage I discovery study, tag SNPs from all candidate genes of interest were genotyped in a well-matched case-control sample. In the stage validation II study, tag SNPs showing suggestive association in the stage I study were selected and genotyped in an independent and larger case-control sample to test for replication. By using such a two-stage design using independent discovery and validation samples, we have attempted not only to increase the efficiency of the association analysis but also to identify true genetic risk factors for coronary atherosclerosis in the Chinese Han population using stringent criteria for declaring association.
MATERIALS AND METHODS

Study sample
We collected atherosclerosis cases and normal controls on the basis of diagnosis by coronary angiography from the cardiovascular care units of three hospitals in Shanghai. All participants were of the Han Chinese origin from Shanghai and the neighboring provinces. The samples used in the stage I study included 293 cases with at least 50% atherosclerosis occlusion in the above two branches of the coronary artery and 293 age-and gender-matched normal controls without coronary artery stenosis. The stage II study included an additional 1030 cases with coronary atherosclerosis and 764 normal controls. At enrolment, anthropometric measures, medication usage and family history data were collected from each subject by a trained interviewer. The demographic and risk factor information of all case and control samples are summarized in Table 1 . All the participants gave informed consent, and the study protocol was approved by the Ethics Review Committee of the Chinese National Human Genome Center at Shanghai. Genomic DNA of all samples was isolated from whole blood using FlexiGene DNA Kit (Qiagen, Valencia, CA, USA).
Genes and SNP marker selection
Our current study focused on two biological processes involved in coronary atherosclerosis, the antioxidative pathway and the inflammatory pathway. By an extensive review of literature and the information at the Gene Ontology database (http://geneontology.org/), we identified 116 candidate genes of the two pathways that are likely involved in the pathogenesis of coronary atherosclerosis. Of the 116 selected candidate genes, 32 are from the antioxidative pathway and 84 are from the inflammatory pathway. To interrogate common genetic variants within these candidate genes, we used diverse approaches for identifying suitable tag SNPs. In all, 27 of the 116 candidate genes were formerly studied by extensive resequencing. Tag SNPs within these 27 genes were selected on the basis of the genetic variation information from the resequencing database (EGP/PGA) (http://pga.gs.washington.edu/VG2.html) using a haplotype-tagging approach and a selection algorithm similar to that used in the study by Carlson et al., 14 with criterion of r 2 40.8 and minor allele frequency (MAF)40.05. For the second group of 66 candidate genes, tag SNPs were selected on the basis of the HapMap Chinese Han data (phase II), such that all common genetic variants (MAF40.05) within these genes could be captured by the tag SNPs at r 2 40.8 (http://www.hapmap.org). For the remaining third group of 23 candidate genes that were not resequenced, we selected SNPs that were uniformly distributed (the marker density reaches 2-3 kb for r 2 40.8 in the EGP database), informative (heterozygosity 45%) and potentially functional (coding nonsynonymous and promoter SNPs) in dbSNP (Build 118). In total, 267 SNPs from the 32 genes of the antioxidative pathway and 669 SNPs from the 84 genes of the inflammatory pathway were selected and genotyped in 293 cases and 293 matched controls in the stage I study (Supplementary Data 1). In the stage II validation study, we selected 54 out of the 58 SNPs (excluding 4 SNPs in high linkage disequilibrium (LD) r 2 ¼1 with existing SNPs) that showed association at the significance level of 0.05 in the phase I study and genotyped them in an additional 1030 cases and 764 controls (Supplementary Data 2).
Genotyping and quality control
SNPs genotyping was performed on BeadLab SNP Genotyping System (Illumina, San Diego, CA, USA), combining high-density oligonucleotide array and multiplex thermocycled primer extension, and GenomeLab SNPstream Genotyping System (Beckman Coulter, Brea, CA, USA) combining fluorescent minisequencing and multiplex tag-array. All SNPs in phase I and phase II were partitioned into two Illumina oligonucleotide primer sets and several 12-plex and 48-plex panels by the GenomeLab SNPstream Genotyping System. To check the reliability and reproducibility of the genotyping quality, we placed one negative control (water) and three DNA samples in duplicates on every 96-well DNA 
Statistical methods
The genotypes were tested for Hardy-Weinberg equilibrium (HWE) using Fisher's exact test 15 in cases and controls separately. In the stage I discovery study, single-marker association analysis was performed under allelic model using Fisher's exact test. A low significance threshold of P¼0.05 was used to select SNPs for the stage II validation analysis to maximize the power of study; at the current sample size (293 cases and 293 controls) and significance threshold, we estimate that we have 480% power to detect a common risk allele (MAF 20%) with an odds ratio (OR) of X1.5. In the stage II validation study, single-marker association analysis was performed under allelic models in the validation samples. For the positive SNPs (Po0.05) in phase II, we performed a metaanalysis across the phase I and phase II sample sets. A Mantel-Haenszel common OR and a Fisher's combined P-value were calculated across the two sample sets. For the top SNPs identified by the meta-analysis, genotype-based association under dominant, recessive and additive models was performed using logistic regressions. We also performed the association analysis adjusting for gender, hypertension, diabetes, smoking, drinking, triglycerides, total cholesterol, highdensity lipoprotein and low-density lipoprotein levels in all samples of stages I and II using logistic regressions. Haplotype analysis was performed in the combined phase I and II samples. LD structure was examined using Haploview, 16 and LD blocks were defined using pairwise D¢ values all 40.90 within the region. Haplotype analyses were carried out using Haplo.stats v1.2.2 (Mayo Clinic, Scottsdale, AZ, USA). 17 Differences in haplotype frequencies between cases and controls were tested using a score test, and OR was calculated with the most common haplotype as the reference. The global P-value for each haplotype block was given on the basis of the global score statistic and was calculated through 10 000 simulations. ). On the basis of the frequency of the risk allele and the estimated effect size, our study had 100% power to detect rs3212556 and rs9283851 and only 45% power to detect rs854563 at a significance level of 0.05. These SNPs were associated with similar effect sizes in the two data sets, with each showing a clear dosage effect in the genotypic tests and hence best fitting an additive model of association. To evaluate the impact of known risk factors on the identified genetic association at three SNPs, we conducted an association analysis in stage I and II samples with adjustment for the effects of the known risk factors for coronary heart disease, including gender, hypertension status, diabetes status, triglycerides, total cholesterol, high-density lipoprotein and low-density lipoprotein levels and found that the association remained significant even after the adjustment (rs3212556 P adjusted ¼3.44Â10 À3 , rs854563 P adjusted ¼4.72Â10 À3 , rs9283851 P adjusted ¼2.44Â10 À4 ) ( Table 2 ).
Two haplotypes in ITGA2 and PON1 associated with the disease In addition to the single-marker association analyses, we performed haplotype association analysis in the combined stage I and II samples. We analyzed the LD patterns within the three genes, ITGA, THBS2 and PON1. We identified three haplotype blocks within ITGA2 and PON1 in which pairwise D¢ values between SNPs within one block were all 40.90, whereas THBS2 was tagged by a single SNP rs9283851.
We then performed haplotype association analysis within each of the three LD blocks. The haplotype analysis identified association in two haplotype blocks within ITGA2 (P global o10 À4 ) and PON1 (P global o10 À4 ) ( Table 3 ). For the identified LD block (rs3212430-rs3212433-rs3212435-rs3212436-rs2287950-rs3212556) within ITGA2, the major haplotype (C-C-G-G-C-A) showed a significant risk effect, whereas the haplotype (T-T-G-C-C-A) showed protective effect (OR¼0.18, 95% CI, 0.09-0.38, Po10 À4 ). The result of the haplotype analysis is consistent with the single-SNP association results at rs3212556. For LD block (rs854560-rs705378-rs854563) in PON1, the haplotype (T-T-A) also showed significant protective effect (OR¼0.59, 95% CI, 0.42-0.81, P¼1.1Â10 À3 ).
DISCUSSION
To our knowledge, this is the first study to explore the association between coronary atherosclerosis and genetic variants in two biological pathways, response to oxidative stress and inflammatory process, in the Chinese Han population. All cases and controls in this study were recruited from the same geographic region (central) of China. Although the absence of genome-wide data in this candidate gene study makes it difficult to control for possible effects of population stratification, previous work has shown that geographic matching in the Chinese Han populations is a good proxy for genetic matching; 18 hence, we expect the genetic background of cases and controls to be well matched. Moreover, to avoid false-positive associations caused by differences in age, gender and other covariates, we selected cases and controls that are well matched for age and gender, and ensured that the associations remained significant after adjustment for several known risk factors for CAD. We provided evidence that the common genetic variation within ITGA2 was associated with the risk for coronary atherosclerosis in the Chinese Han population. The single-SNP analysis identified significant association at rs3212556 located within the intron 15 of ITGA2 (P CMH ¼9.20Â10 À05 ). The association shows a clear dosage effect with OR het¼0.89 (95% CI, 0.73-1.09) and OR hom¼0.45 (95% CI, 0.31-0.65). The association was also supported by the haplotype analysis in which a haplotype composed of six SNPs within ITGA2, including rs3212556, showed strong association with coronary atherosclerosis.
The risk-associated haplotype covers the region of intron 2 to intron 15 of ITGA2. In dbSNP, there are 14 coding SNPs within this region. Four coding polymorphisms in this region (807C4T, 837G4A 873A4G and 1648G4A) have been reported to be associated with the density of integrin a2b1 receptor in human platelets. 19, 20 Previous studies have also indicated that the a2 integrin subunit is involved in monocyte attachment to collagen IV. 21 Therefore, we speculate that the ITGA2 rs3212556À A allele may increase the risk for coronary atherosclerosis by changing the density of integrin a2b1 receptor. Further functional studies will be required to prove this hypothesis on the pathogenesis of atherosclerosis in Chinese populations, and to identify the true functional variant among tightly linked SNPs within the LD block.
Our study also provided evidence for the association of PON1 with atherosclerosis risk. The relationship between many enzymatic and nonenzymatic antioxidants and coronary heart disease has been investigated in many studies. Several studies have reported that genetic variation of PON1 influences the activity of paraoxonase in atherosclerosis, and some coding SNPs such as Q192R (rs662) and L55M (rs854560) were shown to be associated with CAD. However, these findings were not always consistent. 22, 23 In our study, we did not replicate any of the reported associations, but instead identified association at rs854563 (P CMH ¼1.92Â10 À04 ), which lies within the same LD block as the L55M variant. rs854563 showed stronger association than the L55M variant itself or the haplotype tagged by both SNPs. Further work will be required to identify the true functional variant. The role of PON1 in CAD has been extensively debated but remains unresolved. A study by Mackness et al. 24 has shown that PON1 activity and concentration may be important in the development of CAD. Genetic Table 3 Results for the haplotype analysis factors may influence the activity of paraoxonase, which may be more critical than its concentration in atherosclerosis. 25 In addition to ITGA2 and PON1, our study suggested an association within THBS2. In previous studies, THBS2 has consistently been suggested to have a genetic role in atherosclerosis. 26, 27 Thrombospondins constitute a family of extracellular matrix glycoproteins, of which THBS2 is implicated in adapting and modulating cell-matrix interactions by interacting with cell-surface receptors, cytokines, growth factors, proteases and structural proteins. 28 THBS2 may influence CAD risk through its participation in the regulation of matrix metalloproteinase-2, a protein linked to the vulnerability of atherosclerotic plaque. THBS2-null fibroblasts produce twofold larger amounts of this protein, 29 which was shown to be lower in CAD patients than in controls. 30 Alternatively, THBS2-absent mice have an increased vascular density and a bleeding tendency, both of which have been hypothesized to reduce the risk of atherosclerosis. 31 Our confirmed association of THBS2 with CAD warrants further functional study of rs9283851 and other polymorphisms in proximity.
The strength of this study is reflected by the comprehensive investigation of the candidate genes of two important biological processes known to be involved in the pathogenesis of coronary atherosclerosis. Another noteworthy aspect lies in conducting the study in the Chinese Han population that has been greatly underrepresented in earlier genetic association studies of coronary atherosclerosis. However, we recognize that this study has a relatively small sample size and thus limited power for identifying genetic risk variants, especially those with moderate genetic effects and/or low population frequency. For example, in our stage I discovery study with 293 cases and 293 controls, we estimate that we had B85% power to detect a risk allele of MAF 20% and an OR of 1.5 (a¼0.05), but only B27% power to detect one with an OR of 1.2 (Genetic Power Calculator; S. Purcell & P. Sham, UK. http://pngu.mgh. harvard.edu/~purcell/gpc/). This may account for the failure of the associations identified to survive the stringent Bonferroni correction for multiple testing. Nonetheless, by using a two-stage design and validating the significant associations from stage 1 in an independent stage 2 study with a larger sample size, we sought to increase the stringency for declaring significant association and thus to minimize the chance of false-positive associations.
In summary, we have shown that three common genetic variants within ITGA2, PON1 and THBS2 are associated with coronary atherosclerosis in Chinese Han population. Additional validation studies with larger sample sizes will be required to further confirm these associations and to discover new ones.
